Abstract Cellulosomes are multi-enzyme complexes assembled by cellulases and hemicellulases through dockerin-cohesin interactions, which are the most efficient system for the degradation of lignocellulosic resources in nature. Recent genomic analysis of a cellulosome-producing anaerobe Clostridium clariflavum DSM 19732 revealed that two expansin-like proteins, Clocl_1298 and Clocl_1862, contain a dockerin module, which suggests that they are components of the cellulosome. Bacterial expansin-like proteins do not have hydrolytic activities, but can facilitate the degradation of cellulosic biomass via synergistic effects with cellulases. In this study, the synergistic effect of the expansin-like proteins with both native and designer cellulosomes was investigated. The free expansin-like proteins, including expansin-like domains of Clocl_1298 and Clocl_1862, as well as a well-studied bacterial expansin-like protein BsEXLX1 from Bacillus subtilis, promoted the cellulose degradation by native cellulosomes, indicating the cellulosomal expansin-like proteins have the synergistic function. When they were integrated into a trivalent designer cellulosome, the synergistic effect was further amplified. The sequence and structure analyses indicated that these cellulosomal expansin-like proteins share the conserved functional mechanism with other bacterial expansin-like proteins. These results indicated that non-catalytic expansin-like proteins in the cellulosome can enhance the activity of the cellulosome in lignocellulose degradation. The involvement of functional expansin-like proteins in the cellulosome also implies new physiological functions of bacterial expansin-like proteins and cellulosomes.
Introduction
The biomass of plant cell walls is a great potential resource for the production of biofuel because of its abundant reserve and inexpensive price in the biosphere. However, the plant cell walls are well protected from chemical and biochemical attacks by a hemicellulose and lignin complex (Kumar et al. 2008) , which decreases its hydrolysis rate and limits its conversion into fuels. Many anaerobic cellulolytic organisms such as the species of Clostridium can degrade the plant cell wall substrates efficiently using a multi-enzyme complex termed cellulosome, which generally contains a scaffoldin and multiple enzymes. The scaffoldin consists of several tandem repeated cohesin modules, while cellulosomal enzymes always contain a dockerin module which can bind to one of the cohesin modules in the scaffoldin through the specific cohesin-dockerin interaction (Bayer et al. 2004, Electronic supplementary material The online version of this article (doi:10.1007/s00253-015-7071-6) contains supplementary material, which is available to authorized users.
2008). The assembly of enzymes into the cellulosome would enhance their synergistic and conjugative interactions (Fierobe et al. 2002; Demain et al. 2005) . Thus, the cellulosome is considered one of the most effective strategies for the bioconversion of lignocellulose. In addition to the cellulolytic enzymes and scaffoldins, the cellulosome also contains other dockerinbearing components (Zverlov et al. 2005; Raman et al. 2009 ), such as protease and protease inhibitor which has been extensively studied (Meguro et al. 2011; Cuiv et al. 2013; Xu et al. 2014) . However, other function-unknown proteins with dockerin modules are less studied.
Clostridium clariflavum DSM 19732 is a typical cellulolytic thermophilic anaerobe. According to the genome sequencing results (Izquierdo et al. 2012) , C. clariflavum DSM 19732 contains cellulosomal genes similar, but more complicated, to the genes of Clostridium thermocellum, the most widely studied cellulosome-producing bacterium. Two genes encoding expansin-like proteins were found in C. clariflavum DSM 19732 by genome mining, and both of them contain a dockerin module, indicating that they are components of the cellulosome (Artzi et al. 2014) . Expansins are plant cell wall proteins involved in the wall loosening, playing key roles in the plant cell growth and other developmental processes, such as pollination, fruit ripening, organ abscission, and seed germination (Cosgrove 2000) . Many expansin-like proteins have been discovered in bacteria (Lee et al. 2013; Bunterngsook et al. 2014 Bunterngsook et al. , 2015 Georgelis et al. 2015) . BsEXLX1 from Bacillus subtilis is the first bacterial expansin-like protein recognized by virtue of its structural and functional similarity to plant expansins (Kerff et al. 2008; Kim et al. 2008) . Most of bacterial expansin-like proteins facilitate the microbial colonization of plants, with consequences for pathogen virulence and biocontrol Georgelis et al. 2014; Nikolaidis et al. 2014; Suzuki et al. 2014 ). Expansin and expansin-like proteins were found to disrupt hydrogen bonding between cellulose microfibrils and other cell wall polysaccharides without hydrolytic activity, and their disruption activity confers a synergistic effect to the enzymatic hydrolysis of cellulose and xylan by enabling it to be more accessible to the enzyme (Kim et al. 2009; Lee et al. 2013) , although some contradicted results were reported by several studies which argued that the synergistic effects of bacterial expansins are non-specific effects (Georgelis et al. 2015) . Therefore, bacterial expansin-like proteins attract researchers and engineers by their synergistic effect in the conversion of cellulosic biomass to sugars. Although bacterial expansin-like proteins have been widely discovered and extensively studied, those in C. clariflavum are firstly discovered as cellulosomal expansin-like proteins. It is interesting whether the cellulosomal expansin-like proteins could provide further synergistic effect compared to free expansin-like proteins as a new method to enhance the hydrolysis efficiency of cellulosome.
In this study, we first investigated the synergistic effect of the two expansin-like proteins Clocl_1298 and Clocl_1862 with the native cellulosomes from C. clariflavum DSM 19732 and C. thermocellum ATCC 27405, to determine whether the two proteins indeed possessed the capacity to promote the cellulose degradation similar to BsEXLX1. We further constructed trivalent designer cellulosome assembling two cellulases with an expansin-like protein, which further amplified the synergistic effect. The functional mechanism of the two expansin-like proteins were further explained by structural and sequence analysis. The special component of cellulosome may provide new materials for the industrial lignocellulose bioconversion.
Materials and methods

Strains
C. clariflavum DSM 19732, C. thermocellum ATCC 27405, Bacteroides cellulosolvens DSM 2933, Clostridium cellulolyticum H10 ATCC 35319, and B. subtilis 168 were either described in previous work (Cui et al. 2012; Hong et al. 2014) or obtained from the relevant culture collections. Genomic DNA was prepared from cells of the designated bacterial strains as described previously (Cui et al. 2012 ).
Cloning of protein modules
The module names, the corresponding original proteins, the residue ranges, and the source of the strains were summarized in Table 1 . The DNA of each module except CcEXL1298 and CcEXL1862 was amplified by PCR from the corresponding genomic DNA using the corresponding primers (Supplementary Table S1 ). The DNAs of CcEXL1298 and CcEXL1862 were synthesized (Shanghai Sunny Biotechnology Co., Ltd., Shanghai, China) after the codon optimization of the corresponding genes (CcEXL1298: GenBank CP003065 region 1503156-1503839, CcEXL1862: GenBank CP003065 region 2143474-2144181) for expression in Escherichia coli. The PCR products of CcEXL1298, CcEXL1862, BsEXLX1 (GenBank AL009126 region: 2032930-2033550), cbm-cohT3 (GenBank CP000568 region: 3620482-3621657), docT (GenBank CP000568 region: 2482538-2482741), cohC1 (GenBank U40345 region: 3778-4221), docC (GenBank U30321 region: 2682-2864), and docB (GenBank AF224509 region: 7337-7546) were cloned into the vector pET28aNS (Cui et al. 2013) , while the PCR products of cel9K (GenBank CP000568 region: 516340-518739), ce9F (GenBank CP000568 region: 663872-665767), and cohB3 (GenBank AF224509 region: 8684-9127) were cloned into the vector pET30aNS (modified from pET30a (Merck Millipore, Billerica, MA, USA) by adding NheI and SpeI sites as well as five extra bases GCGGC between the NdeI and BamHI sites).
Construction of the plasmids for expressing the chimeric proteins
The chimeric proteins and the corresponding plasmids were listed in Table 2 . The recombinant plasmids pET28aNS-CcEXL1298, pET28aNS-CcEXL1862 and pET28aNS-BsEXLX1 were digested by enzymes NheI and BamHI. Utilizing the isocaudamers NheI and SpeI, the fragments of CcEXL1298, CcEXL1862, and BsEXLX1 were ligated to the vector pET28aNS-docB linearized by SpeI and BamHI, resulting in the chimeric plasmid pET28aNS-docB-C c E X L 1 2 9 8 , p E T 2 8 a N S -d o c B -C c E X L 1 8 6 2 , and pET28aNS-docB-BsEXLX1 for expressing chimeric proteins b-CcEXL1298 b-CcEXL1862 and b-EXLX1, respectively. The chimeric plasmids pET30aNS-cel9K-docC and pET30aNS-celF-docT for expressing chimeric proteins Cel9K-c and Cel9F-t were constructed in a same way by inserting the fragments of docC and docT into the linearized vector pET30aNS-celK and pET30aNS-celF, respectively. Similarly, the fragment cbm-cohT3 was ligated to the linearized plasmid pET28aNS-cohC1, and then the fragment cohC1-cbm-cohT3 was ligated to the linearized plasmid pET30aNS-cohB3 resulting in the plasmid pET30aNS-cohB3-cohC1-cbm-cohT3 for expressing the chimeric scaffoldin cohB3-cohC1-cbm-cohT3 (Scaf BCT).
Protein expression and purification
Each plasmid was transformed into E. coli strain BL21 (DE3) cells (Transgen Biotech, Beijing, China) for protein expression. The proteins were purified by an affinity chromatography using a Histrap™ HP column (GE Healthcare, Uppsala, Sweden) followed by a gel filtration chromatography using a Superdex 
75 column (GE Healthcare, Uppsala, Sweden) (Chen et al. 2014) , except that Scaf BCT was purified by cellulose affinity chromatography as described previously (Yaron et al. 1995) .
Fractions containing purified proteins identified by SDS-PAGE analysis were pooled and concentrated. The concentration of each purified protein was estimated by the absorbance at 280 nm based on the molar extinction coefficient predicted from the amino acid sequence using the ProtParam tool (http://www. expasy.org/tools/protparam.html).
Preparation of native cellulosomes
The native cellulosomes were prepared from 2-and 4-days growth of C. thermocellum ATCC 27405 and C. clariflavum DSM 19732, respectively, by the affinity purification method (Morgenstern et al. 1992 ).
Assembly of designer cellulosomes
Molar equivalents of the desired dockerin-bearing proteins and Scaf BCT were mixed in a storage buffer (50 mM TrisCl, 100 mM KCl, 10 mM CaCl 2 , pH 7.4), and incubated at room temperature for 0.5 h to ensure the complex formation. The proper assembly of the designer cellulosome was checked by non-denaturing PAGE and parallel SDS-PAGE (both have 12 % separating phase gel) using the same sample.
Enzyme activity measurement
Enzyme activity was assayed by a previously reported procedure with modifications (Vazana et al. 2010) . The enzymes were diluted into 200 μL final volume with 100 mM acetate buffer (pH 5.0) containing 2 % (w/v) Avicel (Sigma-Aldrich, Shanghai, China), 24 mM CaCl 2 , and 4 mM EDTA. The reaction tubes were incubated at 55°C for 24 h under shaking at 170 rpm, and reactions were terminated by immersing the tubes in ice water. The samples were then centrifuged for 10 min at 14,000 rpm and 80 μL of the supernatant was mixed with 160 μL dinitrosalicylic acid reagent (DNS) (Miller 1959) . The mixtures were boiled for 5 min and then the optical density at 540 nm was measured. The enzyme activity was calculated according to a standard curve prepared using glucose and presented as the concentration of glucose equivalents (i.e., reducing sugars, μM). The concentration of native cellulosomes used in the experiments was 10 μg/mL, while the concentrations of the expansin-like proteins, the designer cellulosomes, and their components were 0.2 μM. All assays were performed in triplicate and statistical significances were determined by t test for the different treatments (p < 0.05).
Homology modeling and structural analysis MODELLER version 9.10 (Sali and Blundell 1993) was used to construct the structural models of CcEXL1298 and CcEXL1862 by homology modeling. The crystal structures of BsEXLX1 (PDB codes 3D30 and 4FER) were used as the templates. Amino acid sequence alignments were performed using ClustalX2 software (Larkin et al. 2007 ). Alignment figures were prepared using the Espript server (Robert and Gouet 2014) . Structures were analyzed and visualized by the MolMol software (Koradi et al. 1996) .
Results
Synergistic effect of expansin-like domains of Clocl_1298 and Clocl_1862 with the native cellulosomes on cellulose hydrolysis
According to sequence analysis, each of the two proteins Clocl_1298 and Clocl_1862 in C. clariflavum DSM 19732 possesses an N-terminal signal peptide, a dockerin module with moderate sequence identity (39 and 36 %, respectively) to C. thermocellum Doc48S, and an expansin-like domain with a high degree of sequence identity (60 and 62 %, respectively) to BsEXLX1 (Fig. 1a) . To evaluate the molecular function of the expansin-like domains (denoted as CcEXL1298 and CcEXL1862) of the two proteins, the synergistic effect of CcEXL1298 or CcEXL1862 with the native cellulosomes of C. clariflavum or C. thermocellum on cellulose hydrolysis was investigated. According to the mechanism proposed for the synergistic effect of expansin (see Introduction), low cellulase (cellulosomes here and designer cellulosomes in next section) concentration and short reaction time was used in the assays to observe its accelerating effect on cellulase activity, which will generally result in a low conversion yield (~1 %) as indicated before (Georgelis et al. 2015) . Similar to the results of previous studies about expansins or expansin-like proteins, no cellulose hydrolytic activity could be detected for CcEXL1298, CcEXL1862, and BsEXLX1 (Fig. 2a) . However, each of them can significantly promote the cellulase activity of the native cellulosomes of C . thermocellum ATCC 27405 or C. clariflavum DSM 19732 using Avicel as substrate. The reducing sugar yield was about 15-42 % greater than that of the control without expansin-like protein. Furthermore, CcEXL1298 showed 15-20 % higher synergistic effect than CcEXL1862 while the synergistic effect of BsEXLX1 was between them for both kinds of cellulosomes (Fig. 2b) . These results indicated that the expansin-like domains of Clocl_1298 and Clocl_1862 possess the function of bacterial expansin when cellulosomes were used as the cellulases.
Synergistic effect of CcEXL1298 and CcEXL1862 in designer cellulosome on the hydrolysis of cellulose
The N-terminal dockerins of full-length proteins Clocl_1298 and Clocl_1862 indicated that they are also components of the cellulosome. In order to investigate whether the assembly of these expansin-like proteins and cellulosome could enhance their synergistic effect, we adopted the method of designer cellulosome to assemble the expansin-like protein and cellulases. A trivalent chimeric scaffoldin (Scaf BCT) was constructed using three cohesins from Ba. cellulosolvens DSM 2933, C. cellulolyticum H10, and C. thermocellum ATCC 27405, respectively, as well as the family 3 carbohydrate binding module (CBM3) from the scaffoldin CipA of C. thermocellum ATCC 27405. The glycoside hydrolase modules of two cellulases (Cel9K and Cel9F) from C. thermocellum ATCC 27405 were fused with the dockerin modules from C. cellulolyticum H10 and C. thermocellum ATCC 27405, respectively, forming the chimeric cellulases Cel9K-c and Cel9F-t. The expansin-like domains were fused with the dockerin module from Ba. cellulosolvens DSM 2933 forming the chimeric expansin-like proteins b-CcEXL1298, b-CcEXL1862, and b-BsEXLX1 (Fig. 1b) . The dockerin modules are located at the N-termini of b-CcEXL1298, bCcEXL1862 and b-BsEXLX1 and the C-termini of Cel9K-c and Cel9F-t according to the position of dockerins in the native proteins, and these dockerin modules are able to specifically bind to the corresponding cohesin modules on Scaf BCT. After mixing the purified recombinant chimeric proteins with a molar ratio of 1:1, the results of SDS-PAGE and nondenaturing PAGE indicated the correct assembly of the designer cellulosomes ( Supplementary Fig. S1 ). As expected, the expansin-like domains lacking the dockerin modules cannot be integrated into the designer cellulosome, while the dockerin-bearing chimeric expansin-like proteins were integrated into the designer cellulosome. We first verified the synergistic effect of the two cellulases in the designer cellulosome before involving expansin-like domains. Compared to the molar equivalents mixture of Cel9K-c and Cel9F-t, the bifunctional designer cellulosome formed by Cel9K-c, Cel9F-t, and Scaf BCT in stoichiometric mixture showed significantly higher enzymatic activities on Avicel (Fig. 3a) . The degree of synergy, defined as the amount of reducing sugar released from the designer cellulosome over the amount of reducing sugar released from free enzymes (Tsai et al. 2009 ), of the bifunctional designer cellulosome is 1.73, which was similar to the results of previous reports (Fierobe et al. 2002) .
Similar to the results of previous section, free expansin-like domains enhanced the activity of the bifunctional designer cellulosome with 15-20 % reducing sugar yield using Avicel (2 % w/v) as substrates (Fig. 3b) . When the chimeric expansinlike proteins b-CcEXL1298, b-CcEXL1862, or b-BsEXLX1 was integrated into the tri-functional designer cellulosomes, the reducing sugar yield further increased by 5, 11, and 2 %, respectively (Fig. 3b) . This result demonstrated that the integration of the expansin into the cellulosome can enhance the synergistic effect between the expansin-like protein and cellulases in lignocellulose degradation, which may explain why Clocl_1298 and Clocl_1862 bear a dockerin module in front of their expansin-like domain. Furthermore, CcEXL1862 showed the lowest synergistic effect among the three expansin-like domains when it is free in solution, which was consistent with the results in the previous section when the native cellulosome was tested. However, after the integration into the designer cellulosomes, the synergistic effects of three Fig. 3 Synergistic effect of CcEXL1298, CcEXL1862 and BsEXLX1 in the designer cellulosomes on cellulose hydrolysis. a The synergistic effect of the bifunctional designer cellulosome assembled by Scaf BCT, Cel9K-c, and Cel9F-t. NC negative control, BDC bifunctional designer cellulosome. b The synergistic effect of CcEXL1298, CcEXL1862, and BsEXLX1 (in orange, green, and purple, respectively) with the bifunctional designer cellulosome (BDC) in mixture or assembly. The assays were carried out with 2 % (w/v) Avicel, 0.2 μM expansin-like proteins and designer cellulosome components at 55°C for 24 h. Enzyme activity is defined as the concentration of released reducing sugars. Triplicates of each reaction were carried out, and standard deviations were indicated. Asterisk denotes p < 0.05 (two-tailed t test) expansin-like domains became less different, and bCcEXL1862 showed slightly higher synergistic effect than the other two expansin-like proteins.
Because some previous studies argued that the synergistic effects of bacterial expansin-like proteins are non-specific (Georgelis et al. 2015) , we also examined the effect of several other proteins on the bifunctional cellulosome activity (Supplementary Fig. S2) . A slight increase (<10 %) was observed for all of these proteins in the assays, reflecting the nonspecific effects of these proteins. Since the activity of the designer cellulosome was enhanced more than 20 % after the integration of bacterial expansin-like proteins (Fig. 3b) , the synergistic effects of bacterial expansin-like proteins in this study should be specific for these proteins.
Sequence and structure analysis of Clocl_1298 and Clocl_1862
We further performed sequence and structure analyses to investigate the functional mechanism of the two expansin-like proteins Clocl_1298 and Clocl_1862. First, the dockerin modules in the two proteins showed high sequence identity to the dockerins of other cellulosomal components (Fig. 4a) . The putative calcium-binding sites and cohesin-binding residues are all conserved in the two dockerins, indicating they are functional cellulosomal components same as other cellulase components. We then analyzed the sequences of the expansinlike domains (Fig. 4b) . They showed high sequence identity to the well-studied expansin-like protein BsEXLX1, so we built structure models of CcEXL1298 and CcEXL1862 using homology modeling to analyze their structural details (Fig. 4c) .
According to previous studies of BsEXLX1, the structure of the expansin-like protein contains two domains: D1 and D2 (Kerff et al. 2008) . The domain D1 showed structural similarity to GH45 family glycoside hydrolases and several crucial residues (D71, Y73 and D82 in BsEXLX1) for the expansin activity have been identified (Kerff et al. 2008) . These key residues are all completely conserved in CcEXL1298 and CcEXL1862, suggesting the domain D1 in CcEXL1298 and CcEXL1862 has the function same as the domain D1 of BsEXLX1. The domain D2 of expansin-like protein showed structural similarity to type-A CBMs and included three conserved aromatic residues (W125, W126, Y157 in BsEXLX1) aligned in a plane for cellulose binding (Kerff et al. 2008) . In CcEXL1298, the corresponding residues in the D2 domain become W245, W246, and C277, while in CcEXL1862 they are S251, W252, and W283, respectively. Therefore, only two of the three aromatic residues are conserved in CcEXL1298 and CcEXL1862. In a previous study (Georgelis et al. 2011) , the mutation of one to alanine in the three aromatic residues in the domain D2 of BsEXLX1 only partially weaken the activity. The C277 in CcEXL1298 and S251 in CcEXL1862 are residues easy to form hydrogen bonds, which may also partially restore the binding activity. Further, CcEXL1862 possesses another aromatic residue F282 aligned in a plane with W252 and W283, which may also play roles in binding cellulose. In addition, the cellulose binding activity of Clocl_1298 and Clocl_1862 may be not as important as that of free expansins like BsEXLX1 because they are integrated in cellulosome which contains many cellulose binding modules and cellulases. Therefore, despite of the minor differences between these expansin-like domains, the two cellulosomal proteins Clocl_1298 and Clocl_1862 possess the most important structural and functional features of expansin and their synergistic effects are enhanced by the assembly of cellulosome.
Discussion
The composition of cellulosomes is dynamically regulated by the hosts to accommodate to the complicated structure and chemical components of lignocellulose (Raman et al. 2009; Blouzard et al. 2010; Kahel-Raifer et al. 2010) . In addition to cellulases and hemicellulases, many other cellulosomal components have been found through the genomics analysis of cellulosome-producing bacteria (Zverlov et al. 2005; Izquierdo et al. 2012; Ben David et al. 2015) but their functions are not well defined. This study demonstrated the function of two cellulosomal expansin-like proteins, Clocl_1298 and Clocl_1862, from C. clariflavum. Both proteins were capable of promoting the hydrolytic activity of native cellulosomes of C. thermocellum or C. clariflavum, indicating their expansin-like functions. The synergistic effects were further enhanced when they were integrated into the cellulosomes. The sequence and structure analyses indicated that the cellulosomal expansin-like proteins bear functional dockerins and expansin-like domains with the mechanism same as the bacterial expansin-like protein BsEXLX1. Therefore, the cellulosomal expansin-like proteins may play roles in the lignocellulose degradation by C. clariflavum and they could be used to enhance the cellulosome activity in the lignocellulose bioconversion.
Bacterial expansins were found mainly in plant pathogens, soil inhabitants, or cellulose producers, suggesting their physiological roles in colonization or digestion of plant tissues (Georgelis et al. 2015) . The finding of cellulosomal expansins provides more direct evidence to their physiological role in plant cell wall degradation. Recent cellulosome proteomics study revealed a low concentration of Clocl_1862 in C. clariflavum responding to various substrates, while no Clocl_1298 protein was identified (Artzi et al. 2015) . This indicated these expansin-like proteins are not the key cellulosomal components in the cellulose degradation by C. clariflavum for nutrient intake. A new possibility is that the cellulosome plays certain roles in the progress of colonization during which expansin play more important roles.
Though the cellulolytic functions of cellulosomes are well established, the existing of special components in cellulosomes suggests that cellulosomes may play additional functions. For example, homologs of CotH, a protein involved in spore coat assembly, have been found in cellulosomal genes of different species, such as C. clariflavum (Clocl_1061 and Clocl_4124), C. thermocellum (Cthe_0044 and Cthe_0239), Ruminococcus champanellensis (RUM_10710), Acetivibrio cellulolyticus (NCBI GI: 497937159, 497936844, and 497928905), and Ba. cellulosolvens (NCBI GI: 739075399, 739075530, 739074220, 739073813, 739072938, 739072932, 739068809, 739064676) . The multi-copy genes and wide existence of CotH suggest an importance functional correlation between cellulosomes and spore coat proteins. Similar to cellulosomal expansin-like proteins, the cellulosomal CotH proteins were also in a very low concentration or unidentified in proteomic studies (Gold and Martin 2007; Raman et al. 2009; Artzi et al. 2015; Ben David et al. 2015) , suggesting that they are not key players in the lignocellulose degradation. Instead, the cellulosome may play certain role in CotH-related functions like spore assembly. How the Fig. 4 Sequence and structure analysis of Clocl_1298 and Clocl_1862. a The sequence alignment of dockerin modules of C. clariflavum, C. thermocellum, and C. cellulolyticum. The putative calcium-binding and cohesin-binding residues were indicated by circles and stars, respectively, at the bottom of the alignment. b The sequence alignment of the expansin-like domains of BsEXLX1, Clocl_1298, and Clocl_1862. The key catalytic residues and substrate binding residues were indicated by red stars. c The crystal structure of BsEXLX1 (PDB code 3D30) and the structural models of CcEXL1298 and CcEXL1862. The crucial residues in BsEXLX1 and corresponding residues in CcEXL1298 and CcEXL1862 for the expansin activity in domain D1 and the substrate binding in domain D2 were shown in sticks cellulosomes play roles in the function of these non-cellulolytic proteins will be an interesting research topic in future.
